-Head-down-tilt bed rest (HDTBR) is a popular model, simulating alterations of gravitation during space missions. The aim of this study was to obtain a better insight into the complexly orchestrated regulations of HDTBR-induced immunological responses, hypothesizing that artificial gravity can mitigate these HDTBR-related physiological effects. This crossover-designed 5 days of HDTBR study included three protocols with no, or daily 30 min of centrifugation or 6 ϫ 5 min of centrifugation. Twelve healthy, male participants donated blood pre-HDTBR, post-HDTBR, and twice during HDTBR. Cellular immune changes were assessed either by enumerative and immune cell phenotyping assays or by functional testing of responses to either recall antigens or receptor-dependent activation by chemotactic agents N-formyl-methionyl-leucyl-phenylalanine (fMLP) and with TNF-␣. The expression of the adhesion molecule L-selectin (CD62L) on the surface of granulocytes and its shedding into plasma samples were measured. In parallel, other humoral factor, such as interleukin-6 and interleukin-8, parameters of endothelial damage (glycocalyx) were determined. Hematocrit and hemoglobin were significantly increased during HDTBR. Although immune functional tests did not indicate a change in the immune performance, the expression of CD62L on resting granulocytes was significantly shed by 50% during HDTBR. Although the latter is normally associated to an activation of inflammatory innate immune responses and during interaction of granulocytes with the endothelium, CD62L shedding was, however, not related either to a systemic inflammatory alteration or to shedding of the endothelial glycocalyx during bed rest. This suggests a noninflammatory or "mechanical" shedding related to fluid shifts during head-down intervention and not to an acute inflammatory process.
IN THE COURSE OF SPACEFLIGHTS, the human body is facing many physiological and psychological challenges. To gain more insights in underlying mechanisms, many bed rest studies have been conducted on Earth in the last two decades as they are suspected to best mirror long-term microgravity on Earth. In line with these studies, head-down-tilt (Ϫ6°) bed rest could prove its reliability as a good simulation model for many physiological effects of spaceflight (28) .
The numerous bed rest studies show quite consistent data referring to bone demineralization as well as to muscle loss (28) . Also, cardiovascular changes as an effect of a redistribution of body fluids are observed during bed rest (40) . Nevertheless, a crucial factor, which is also one of the important concerns in human spaceflights, is the alteration of the immune system. The extreme environment itself or the cosmic radiation during space missions are factors influencing and weakening immunity (32, 35) . Alhtough not all factors can be simulated on Earth, data on immune functions observed during headdown-tilt bed rest studies (HDTBR) are showing hereby only some of the effects of space and spaceflight conditions on the complexly orchestrated immune response. It was found in some bed rest studies that, aside from altered leukocyte subsets or changes in plasma cytokine levels, cellular immunity also was affected to different degrees (5, 11, 31, 38) .
To obtain a better understanding in the acute regulations of immunological responses, the here-presented crossover-designed short-term bed rest study was performed. In addition, two of the three arms aimed to investigate the effects of artificial gravity in individuals exposed to bed rest, hypothesizing to provoke, through artificial gravity, a reversed effect of bed rest-induced physiological alterations.
MATERIALS AND METHODS

Study design
Study approval was obtained by the national ethics committee. All study participants signed a written, informed consent. In total, 12 healthy men were included in this crossover-designed investigation ( Fig. 1 ; Table 1 ). The study was conducted at the Institute for Space Physiology and Medicine (MEDES) facility located in Toulouse, France. Participants were not allowed to eat or drink anything at least 60 min before sample collection. All protocols included, after a confined adaptation phase of 5 days [baseline data collection (BDC)], the bed rest at Ϫ6°head-down-tilt (HDTBR) for 5 days, followed by a "rehab" phase with no bed rest lasting 5 days (rehab/return ϭ R). Protocol 1 (control) had no intervention during HDTBR, whereas protocol 2 (artificial gravity 1 ϭ AG1) contained on each day of HDTBR 30 min of continuous centrifugation at 1 G in the center of mass. Protocol 3 (AG2) differed from protocol 2 in that the centrifugation was performed six times for 5 min each with a short break in between (total time of ϳ45 min).
General data
These data include demographic data on the participants as well as information on the study performance.
Immune monitoring
Leukocyte differentiation. White blood cell count, granulocyte count, as well as lymphocyte/monocyte count were performed on EDTA-anticoagulated blood samples using a Coulter STKS (Coulter Electronics, Luton, UK).
Further leukocyte differentiation was done using the BD Simultest, IMK kit lymphocyte (anti-CD3/CD4/CD8/CD16,56) (Becton Dickinson, Heidelberg, Germany). After antibody incubation and erythrocytal lysis, flow cytometric analysis of samples was performed using a Partec Cyflow SL (Partec, Münster, Germany).
Granulocytic activation marker. The adhesion molecule CD62L was measured on granulocytes using stained antibodies against this cluster of differentiation. The antibody was purchased from Becton Dickinson. Activity determination was done by using the flow cytometer Partec Cyflow SL.
In addition, soluble CD62L in plasma samples was determined using an ELISA kit (sL-selectin ELISA, IBL International, Hamburg, Germany).
Hydrogen peroxide production of granulocytes
TNF-␣-/fMLP-induced production of hydrogen peroxide production of granulocytes. Leukocyte-enriched plasma containing ϳ1 ϫ 10 5 leukocytes was incubated with 1 M dihydrorhodamine 123 (DHR123; MoBiTec, Göttingen, Germany) in 0.5 ml of HBSS (Pharmacy, University of Munich, Germany). After a 5-min priming of cells with TNF-␣, PMNLs were additionally stimulated by the application of N-formyl-methionyl-leucyl-phenylalanine (fMLP; SigmaAldrich) (10 Ϫ7 M). Fifteen minutes after stimulatory initiation, activation of cells was stopped by placing the tubes in ice water. Production of H 2O2 was measured using flow cytometry (Partec Cyflow SL).
Hydrogen peroxide plasma levels. The overall oxidative status was measured in plasma samples by a photometric test system according to the manufacturer's manual [PerOx (TOS/TOC) Kit, Immundiagnostik, Bensheim, Germany].
Plasma cytokines. Concentrations of EDTA plasma cytokines interleukin (IL)-6 (IL-6) and IL-8 were analyzed by Luminex xMAP technology (Bioplex) with commercially available reagents from Bio-Rad Laboratories, according to the manufacturer's guidelines. The data were analyzed using Bioplex Software, in which sensitivity is 1.9 pg/ml for the analyzed cytokines.
Cytokine release assay. Whole lithium-heparinized blood (500 l) was transferred under aseptic conditions into tubes prefilled with an equal volume (500 l) of DMEM Nutrient Mixture F-12 HAM (Sigma-Aldrich) and the different stimulants (1,000-l total assay volume). The assay tubes contained DMEM and either a bacteria antigen mixture containing diphterie-, tetanus-, and pertussis-toxoid (all three combined in 1% Boostrix, GlaxoSmithKline, Munich, Germany) or viral antigen mixture containing cytomegalovirus (CMV)-lysate (10 g/ml; ABI, Columbia, OH), Epstein-Barr virus (EBV)-lysate (10 g/ml; ABI), influenza proteins (1% Influvac, Solvay, Hannover, Germany), or pokeweed mitogen (PWM; 5 g/ml; SigmaAldrich) as positive control.
The assay tubes were incubated altogether for 48 h at 37°C. Supernatant plasma was transferred into Eppendorf tubes and immediately frozen at Ϫ80°C for future cytokine analyses (see Cytokines). The readout cytokine was IL-2.
Fluid homeostasis
Cellular blood parameters. Hematocrit, hemoglobin, and mean corpuscular volume (MCV) were determined on EDTA-anticoagulated blood samples using a Coulter STKS (Coulter Electronics, Luton, UK).
Fluid characteristics. Fluid consumption and urine production were monitored on the respective time points [HDTBR before BDC (BDC-5), day 3 of HDT (HDT3), day 5 of HDT (HDT5), and day 3 of rehab (R ϩ 3)]. The hereby collected data were used for the calculation of the daily fluid balance.
Determination of endothelial glycocalyx components. Heparan sulfate and hyaluronic acid, two key structural components of the endothelial glycocalyx (30), were measured in plasma samples at the respective time points (n ϭ 4). ELISA kits were used to analyze these two components according to the manufacturers' manuals (Seikagaku, Tokyo, Japan for heparan sulfate and Echelon Biosciences, Salt Lake City, UT for hyaluronic acid).
Statistical analysis
Data were analyzed with the commercially available software SPSS 20.0 (IBM, New York) and Sigma Plot 11.0 (Chicago, IL). Normal distribution was tested by the Kolmogorov-Smirnov test. Changes in parameters across the four time points of measurement were analyzed with a repeated-measurement general linear model (RM-GLM) with time point as a within-subject variable and group assignment as a between-subject variable. Fisher's least significant difference (LSD) post hoc test was used to determine which groups differed significantly from each other. Additionally, within-group analyses across the four time points were performed using one-way RM ANOVA followed by a Fisher's LSD post hoc test. Demographic variables between groups were compared by ANOVA. Data are considered to be significantly different at P Ͻ 0.05. Results are expressed as means Ϯ SD, except data presented in figures, where means Ϯ SE are drawn for a clearer display.
RESULTS
General data
All volunteers tolerated the HDTBR period well. Aside from one incident during the centrifugation procedure, in which the centrifugation had to be stopped after 17 min due to the development of extreme bradycardia and almost the loss of consciousness, no major centrifugation-related incidents were reported. Due to an acute appendicitis, one participant had to be excluded from the respective study arm. After recovery, he Data are means Ϯ SD. Control group, head-down-tilt bed rest (HDTBR) without artificial gravity; AG1 group, HDTBR with 30 min of continuous artificial gravity (AG) on each HDTBR day; AG2 group, HDTBR with six 5-min periods of discontinuous AG on each HDTBR day. No significant differences were observed.
was included several weeks later in the last tier of the study. Because of the crossover design, this subject could only be re-included into protocol 1 (control). For this reason, the groups consist of different group sizes (n ϭ 11-13) ( Table 1) . The variable group sizes had no influence on the statistical outcome.
The applied dietetic regimen did not differ between the study protocols (data not shown).
Immune monitoring
Leukocyte differentiation. Leukocyte counts remained within a small normal point-to-point variability during observation period. The polymorphonuclear leukocytes (PMN) showed a slight increase at HDTBR days, which reached the level of statistical significance in the discontinuous centrifugation protocol. The percentage of B-lymphocytes did not show major alterations. T-lymphocyte percentages decreased over time, reaching the level of statistical significance in the control group. T-lymphocyte subpopulations showed an increase compared with the BDC most prominently in the CD8ϩ subpopulation, followed by CD4ϩ and CD16ϩ56ϩ cells. In addition, CD3Ϫ/CD16ϩ56ϩ cells were augmented during HDTBR and peaked at HDT5 (Table 2) .
Granulocytic activation marker. CD62L on granulocytes showed in all protocols at HDT3 a significant decrease. This effect was entirely reversed at HDT5 and R ϩ 4, and BDC values were reached (Fig. 2) .
In correlation to the CD62L shedding on granulocytes, soluble CD62L proteins were increased on HDT3 and HDT5 in Data are means Ϯ SD. BDC-5, HDTBR before baseline data collection (BDC); HDT3, day 3 of HDTBR; HDT5, day 5 of HDTBR; R ϩ 3, day 3 of rehab. *Significant difference vs. BDC-5 in the respective group (P Ͻ 0.05). †Significant difference vs. BDC-5 and R ϩ 4 (P Ͻ 0.05). There were no statistically significant differences between different study groups. all groups ( Table 3 ). The level of statistical significance was reached in the control group and the continuous centrifugation group (AG1).
Hydrogen peroxide production of granulocytes. PMNs do have a tissue toxic capability/effect by producing H 2 O 2 upon activation. This effect was provoked by two receptor-dependent stimuli: fMLP in combination with TNF-␣. Stimulation with fMLP and TNF-␣ led to a significant increase in H 2 O 2 production. In the course of the study, this pattern did not change significantly. Also, the different protocols Hydrogen peroxide plasma levels. Hydrogen peroxide plasma levels did not change significantly during HDTBR (Table 3) .
Plasma cytokines. Plasma IL-6 and IL-8 showed no significant changes either over time or between study groups (Table 3) .
Cytokine release assay. IL-2 response after stimulation with either bacterial or viral antigen stimulation in diluted whole blood remained unaffected after bed rest. This was similar in all study groups. Also, the maximal stimulation with pokeweed mitogen did not differ after the bed-rest period (Table 4) .
Fluid homeostasis
Cellular blood parameters. During HDTBR, hemoglobin and hematocrit significantly increased irrespective to the different study groups. On R ϩ 4, previous values were achieved. The mean corpuscular volume did not change during the observation period (Table 5) .
Fluid characteristics. During HDTBR, a significant reduction of fluid consumption was detectable irrespective to the study group. The lower water intake, compared with baseline, was persistent throughout the entire head-down-tilt period. Values returned to baseline after the end of bed rest at R ϩ 3. According to the lower fluid intake, the diuresis was also reduced during the HDTBR period. Overall, the fluid balance was slightly but not significantly lowered during the investigation period (Fig. 3) . The study groups did not significantly differ from each other.
Endothelial glycocalyx components. The endothelial glycocalyx components heparan sulfate and hyaluronate showed no changes in relation to HDTBR itself or to head-down-tilt and intervention days (Table 6 ).
DISCUSSION
The present study was designed to get a better insight to the immunological effects during short-term HDTBR as a model for spaceflights. Additionally, two different artificial gravity protocols were applied in this crossover-designed study to determine possible neutralizing or beneficial effects on immunological parameters (Fig. 1) .
From all examined innate and adaptive immune parameters, the most interesting finding was that short-term bed rest led to a significant shedding of L-selectin (CD62L) on granulocytes at the initial phase of the HDTBR phase. The observed shed- Data are means Ϯ SD. *Significant difference vs. BDC-5 (differences in the respective group are marked in bold) (P Ͻ 0.05). †Significant difference vs. R ϩ 4 (P Ͻ 0.05). No statistically significant differences between the study groups were detectable. ding on granulocytes was consistent with the findings in plasma samples as the soluble CD62L molecules were hereby increased. All protocols showed the same effect on CD62L. Artificial gravity protocols were not able to neutralize this alteration.
Shedding of CD62L as a consequence of inflammation or immune dysfunction?
L-selectin, or CD62L, plays a substantial role during inflammatory processes in leukocytic adherence to vascular endothelial cells as well as to platelets (17, 34, 36) . To avoid an overshooting leukocyte response, the expression and the function of L-selectin are well controlled and occur only with directly surrounding tissue (17) . In the light of the actual finding and the general functions of this adhesion molecule CD62L, the question is now: Why has this shedding occurred? L-selectin is normally shed under diverse pathophysiological states, especially under inflammatory conditions. Shedding of CD62L can be seen, e.g., in patients suffering from fibromyalgia, leading to a potentially compromised host defense (20) . Another situation in which a decrease of this adhesion molecule can be detected is in critically ill patients suffering from systemic inflammation (1, 19, 26) . With the broad panel of immunological parameters of innate and adaptive immunity as analyzed during HDTBR, no indication of an inflammatory process was detectable. A global, although unspecific, marker for inflammation is the overall leukocyte count (29) . This parameter remained stable during the entire study, and also no alterations could be seen in the monocyte count as well as in the percentage of B-lymphocytes, whereas PMNs marginally increased during HDTBR. Furthermore, the percentage of T-lymphocytes tended to decrease over time, including a population shift with slightly increased T-helper (CD4ϩ/CD8Ϫ) and cytotoxic T-cells (CD4Ϫ/CD8ϩ). All these variations are seen as a physiological variation in a normal healthy population. More sensitive early phase infection markers such as the plasma cytokines IL-6 and IL-8 (29) also remained unaffected at low baseline values at all time points. Since cell counts and cytokines have only a describing character and lack the ability to provide the state of the functionality of the immune system, we have investigated two central functional properties of the innate as well as the adaptive immune function. The first line of host defense is maintained by cells of the innate immune system and the capability of the polymorphonuclear leukocytes to produce hydrogen peroxide (24) . This answer was tested during bed rest by the reactivity of PMNs to generate H 2 O 2 upon receptor stimulation with fMLP and TNF-␣ and by the peroxide concentrations in plasma samples. Neither an increase in the oxidative reactivity nor a significant decreased reactivity of PMNs to stimulation could be quantified. In conclusion, polymorphonuclear leukocytes are not affected under shortterm bed-rest conditions in their capability to produce hydrogen peroxide. To display a key function of adaptive immunity, a cytokine release assay was applied, monitoring especially the Fig. 3 . Fluid characteristics during HDTBR at BDC-5, HDT3, HDT5, and R ϩ 3. Data are means Ϯ SE. No significant differences were seen between the study protocols. A: total water intake. *Significant difference compared with BDC-5 (all groups) (P Ͻ 0.05). #Significant difference compared with Rϩ3 (all groups) (P Ͻ 0.05). ϩSignificant difference compared with HDT3 (control group) (P Ͻ 0.05). B: diuresis. *Significant difference compared with BDC-5 (control and AG2 group) (P Ͻ 0.05). #Significant difference compared with Rϩ3 (all groups) (P Ͻ 0.05). C: fluid balance. No significant changes within or between groups (general linear model; repeated-measures ANOVA with Fisher's least-significant difference post hoc test). Data are means Ϯ SD. MCV, mean corpuscular volume. *Significant difference vs. BDC-5 and R ϩ 4 (P Ͻ 0.05). There were no statistical significant differences between the groups. Significant differences within groups are marked in bold.
T-cell-triggered cytokine response toward recall antigens (10, 18) . After 48 h of incubation of whole blood with either a bacterial or a viral antigen mixture, IL-2 was assessed in the respective supernatant. Irrespective from the exposed antigen stimulation, cytokine production did not differ significantly after the end of bed rest from the baseline values. Another important trigger in inflammatory processes is tissue hypoxia, and Eltzschig et al. (9) recently summarized where and how hypoxia can induce inflammation. As in the HDTBR, no cytokine release or granulocytic hydrogen peroxide production was measurable, it can indirectly be assumed that no hypoxia or local hypoxic conditions were present. Of course, an ultimate proof of hypoxic tissue conditions can be given only either by monitoring tissue PO 2 or from cellular analyses from tissue biopsies. However, the absolute absence of any inflammation or activation of the innate or adaptive immunity makes the hypoxic trigger rather unlikely.
Only few data are available on immunity under bed-rest conditions. To the best of our knowledge, no adequate data on immunological alterations are available for short-term bed-rest studies. Kelsen et al. have shown in a study of 21 days of lasting head-down bed-rest that the cytokine response to polyclonal T-cell stimulation is weakened (21) . Since no altered cytokine response could be measured in the study presented here, it must be speculated that the HDTBR duration was too short to reproduce such findings. One explanation for the inconsistency and not entire comparability of the immune data gathered from previous HDTBR data might be due to different study setups with, e.g., long-term bed-rest periods or interventional procedures in between.
Taking these findings together, no major immune alterations, neither immune suppression nor immune activation, were observed during bed rest alone or as function of the artificial gravitation interventions, respectively.
Shedding of CD62L as a consequence of "noninflammatory" changes?
Because inflammation as a possible reason for the CD62L shedding does subsequently not apply here, other nonimmune mechanisms need to be considered responsible for the shedding of L-selectin.
Shedding of selectins can result as a function of inflammation but can also be provoked by mechanical shear stress, such as by fluid distribution changes (4, 22, 23, 25, 27) . To determine such a possible fluid redistribution, we have investigated on the one hand fluid volume profiles and on the other hand blood parameters like hemoglobin, hematocrit, and mean corpuscular volume, possibly reflecting hemo-concentration. Overall, the fluid balance was only slightly altered during HDTBR. Although participants consumed lower amounts of fluids, the diuresis was compensatorily diminished, resulting in an almost unaffected fluid balance. Our findings of a hemo-concentration are consistent with those from Drummer et al. (8) , who have shown a fluid redistribution from the intra-and extravascular space. The described acute intravascular fluid loss can be indirectly seen here by the hemo-concentration. Hematocrit and hemoglobin significantly increased during the head-downtilt period, whereas the mean corpuscular volume as a measure of the average red blood cell size was unaffected. HDTBR studies investigating plasma volume variations with or without specific dyes (6, 16, 33) revealed the commonality of a rapid descent of plasma volume up to 10% within the first days of HDTBR. Moreover, Johansen et al. (16) reported that the plasma volume can be reliably reflected by changes in the hematocrit and hemoglobin concentration. Transferring this correlation to the here-presented data, a significant reduction in plasma volume also occurred in this investigation. Using the commonly described formula {change of plasma volume (%) ϭ [Hb BDC /Hb HDT ϫ (100 Ϫ Hct HDT )/(100 Ϫ Hct BDC ) Ϫ 1] ϫ 100} (7, 15) and calculating the plasma volume alteration during the head-down-tilt period, displays an average plasma volume reduction of up to 15% on both HDT collection days. This finding suggests, according to the reports on shearinduced shedding of L-selectin (22, 27) , that this phenomenon could be caused by the shear forces provoked by fluid redistribution. To confirm whether the sole fluid redistribution is responsible for the shedding of CD62L or whether this is due to changes of the integrity of the endothelial layer, we have additionally investigated components of the endothelial glycocalyx (EG). The EG is a thin layer on endothelial cells composed of different membrane-bound macromolecules such as sulfated proteoglycans or hyaluronate (30, 39). The EG plays a pivotal role in the modulation of the oncotic forces, the interaction with leukocytes and respective adhesion molecules, as well as in the initiation of inflammatory responses. Hereby, this fragile layer can be easily affected by volume redistribution in the human body. Exogenous applied volume infusions (3) as well as endogenous conditions for example ischemia/ reperfusion (2) conditions are able to severely damage the EG layer, leading to an enforced interaction with leukocytes, including adhesion molecules. Two components of the EG, which are easily and altered very early by endothelial surface interactions, are heparan sulfate and hyaluronate (39) . For this reason, we have looked on those components as they are either destroyed by volume shifts (3) or affected by shear stress (37, 39) . Interestingly, these two EG components, heparan sulfate and hyaluronate, were not altered during the entire examination. Since the plasma volume and the endothelial integrity are only two of multiple indicators for the alteration of physiological blood flow, it is hard to direct, from these hematological measurements, the conclusion that no important/major forces, either through mechanotransduction or fluid shear stress, have been existent. In fact, blood flow produces the different shear stresses (magnitude) and flow patterns (steady, pulsatile, or oscillatory) along the circulation. Meanwhile, it has been known that mechanical shedding occurs in an in vitro study (23) . Thus it is most likely that the short-term bed rest does Data are means Ϯ SD. There are no significant differences within or between the study protocols.
modify the blood flow via fluid redistribution and induces the transient L-selectin shedding. Hence, it is not an inflammatory but an adaptive stress response.
Therefore, it can only be speculated why a shedding of CD62L occurred. As described above, CD62L adhesion molecules are shed by either inflammatory processes or mechanical forces. Because inflammation could be excluded as a source of L-selectin shedding, fluid redistribution might have caused and contributed to the L-selectin shedding. This, however, was not associated with alterations of the fragile EG layer. It has to be confessed that shedding of L-selectin CD62L from granulocytes has to be seen as a noninflammatory shedding, most likely related and triggered by not exactly known local or systemic mechanical or other stimulatory factors. The pathophysiological impact remains unclear but might contribute to a higher tethering and rolling of polymorphonuclear leukocytes to the endothelial wall. This shedding might be a potential early alert signal of the human body to possibly upcoming inflammatory events. In the postcapillary venous low pressure system, different conditions, such as substrate exchange, larger pores, or smaller glycocalyx, can be found (13) . It is possible that CD62L-shed granulocytes might be "stored" in this particular system as an emigration to the tissue is facilitated. If an inflammation will be missing, a further chemotaxis will not be initiated (12) .
The rolling dynamics of activated PMNs is determined by two opposite impacts: reducing the surface presentation would enhance the rolling but lowering the kinetic rates would decrease the rolling (14) . Such transient L-selectin shedding is presumably used to be responsible for the mechanical shear induced by fluid redistribution.
Limitations
Fluid shifts as discussed were only indirectly assessed in this investigation since no plasma volume determination with dyes was performed. Blood draws and therefore the immune tests could not be performed daily/at all time points for ethical reasons and blood volume restrictions, respectively.
Conclusions
Five days of short-term bed rest induces a significant shedding of L-selection, irrespective of applied artificial gravity. L-selectin is not affected by the overall immunity since no increased inflammatory parameters could be registered. A mechanical influence by fluid redistribution could be one possible explanation for the shedding, and further complimentary investigations are hence needed to define the role of CD62L not only as a marker of inflammatory reactions but possibly also as a marker for fluid shifts.
